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Abstract 
The main aim of the paper is to study wear behaviour of Inconel 600 alloys by experimental investigation in dry 
sliding. The Inconel alloys are high-temperature Ni-Based alloy which have various applications like gas turbines, 
heat exchangers, condensers etc. The Design of experiments technique is used to find out the number of experiments 
by using Taguchi’s L27 orthogonal array which is developed in MINTAB 14 software. The experiments were 
reduced for the various combinations to get the optimal parameters. The sliding tests are performed on a pin-on-disc 
tribometer. Regression model made was adequate as the values of R2 and R2 (adj) were above 90%. With the help of 
a work-rate model wear coefficient was found as 2 x 10-13 Pa-1 or m2/N for Inconel 600 and was in good agreement 
with the previous investigations. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The term Āsuper-alloyā  was found in the mid 1940s which showed the behavior of the alloys at high 
temperature have excellent mechanical properties at high temperatures. These properties include good wear 
resistance, corrosion resistance, and resistance to heat. Due to all these properties Inconel has application in the 
critical applications like gas turbines, heat exchangers, pressure vessels, chemical processing plants [1]. 
Sliding tests and fretting tests are commonly observed by various researchers and the results of both are 
comparable [2]. It was observed that wear rate is independent of the apparent area of contact [3]. It was concluded 
that Inconel 600 has17% higher wear resistance than Inconel 690 when sliding tests were conducted at 2.5-12.5 N 
load [4]. Hardness of the material was decreased when Annealing was carried out on Inconel 600 [5]. The Inconel 
625 exhibited work hardening of the surface due to the motion of the reciprocating pin [5]. In fretting it was found 
that the friction force is dependent on load and vibrating amplitude. The wear mode was observed to change from 
stick to gross slip and sliding as amplitude increased from 25 μm to 300 μm [6]. It was also seen that wear volume 
was increased as the carbide generation in the Inconel as the coefficient of friction and friction force increased [7]. 
Many researchers have studied sliding wear in Inconel 600 alloy using dry conditions by considering the 
parameters like load, speed and wear track diameter. In addition to these parameters one new parameter i.e. pin 
heating temperature is emerged in the present investigations [8]. The main objective of the present work is to study 
the wear behavior of Inconel 600 by using a pin-on-disc tribometer. Further the results are evaluated with use of a 
work rate model and statistical method of regression analysis. 
2. Materials and Methods 
2.1. Work-piece Material 
The material which was used to conduct the wear tests was Inconel 600 alloy. The chemical composition is given 
in Table 1. The material was procured in the form of a round bar of length 1.5 meters and diameter of 10.5 mm. Due 
to the hardness of the material, the material was cut with the help of with Electronica Maxicut 734 CNC wire cut 
machine. Then the pins were reduced to a diameter of 10 mm as per the standard specimen i.e. 10 mm with the help 
of a center-less grinder. For the experimental investigation 27 pins were used for modeling and other 5 pins were 
used for validation of model developed. Finally 32 pins were prepared for experimentation having the length of the 
pin 30 mm the diameter 10 mm as shown in Figure 1. 
Table 1. Inconel 600 Chemical Composition. 
Element%w Ni Cr Fe C Mn Ti Mn Cu 
Composition 73.81 15.04 9.86 0.15 0.611 0.377 0.611 0.50 
 
2.2. Pin-on-Disc Tribometer 
In the present investigation wear tests were conducted on a Ducom made Wear and Friction monitor. The pin-on-
disc tribometer is shown in Figure 2. The tangential load and wear in microns were monitored with the help of 
electronic sensors. A cylindrical pin was loaded through a vertical specimen holder against hardened rotating disc of 
En 31 hardened to 60 HRc. The test was conducted in dry conditions using the ASTM G99 Wear and Friction test 
procedure. Before the start of the test, the counter-disc and pin were cleaned properly with acetone and 1500 grit 
SiC sand paper. Firstly, the temperature was set followed by speed and the setting of timer for test. The pin was then 
placed in the collet for pin-heating and at the same time the wear track diameter was adjusted. The initial condition 
for wear was set as zero. Then the wear test was conducted for 7 minutes under dry conditions. 
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Fig. 1. Specimen Pins for experimentation. 
  
Fig. 2. Pin-on-Disc Tribometer. 
2.3. Design of Experiment 
Taguchi’s technique is used in the current investigation which is an efficient way to determine the optimum 
factor level combinations. Taguchi suggested the use of orthogonal arrays, which are the shortest possible matrix of 
permutations and combinations [9]. The input parameters (factors) which are considered in sliding wear are load, 
speed; wear track diameter and pin heating temperature have 3 levels. The L27 orthogonal array was used in order to 
reduce the number of experiments. Table 2 shows the input parameters used for the experimentation and the levels 
associated with them. 
Table 2. Coded values of Input Parameters and Levels. 
Coded Values Input Parameters Notation Units 
Lower 
Level 
Medium 
Level 
Upper 
Level 
1 2 3 
C1 Load P Newton 5 10 15 
C2 Speed N rpm 250 500 750 
C3 Wear Track Diameter D mm 60 70 80 
C4 Pin Heating Temperature T 0C 50 75 100 
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2.4. Regression Method 
The relationship between independent and dependent variables was determined by regression analysis. 
Regression analysis was used to predict dependent variables as a function of independent variables. In the current 
study, wear, was taken as response (output) while load, speed, wear track diameter and pin heating temperature were 
taken as independent (input) variables [10]. 
2.5. Work-rate Model 
In this model, wear rate is plotted against work rate for all the Inconel specimens in order to calculate the wear 
coefficient. The work rate model helps us to give the sliding wear curves for each experiment. Work rate is obtained 
by multiplying load and sliding distance over a given period of time. Also, the wear coefficient can be obtained by 
the equation suggested by Holmberg and Matthews which is based on the assumption that the volume wear directly 
varies with the contact load and sliding distance [11]. The wear coefficient is expressed in terms of mm3/Nm (m2/N 
or Pa-1). 
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3. Results and Discussions 
3.1. Signal-to-Noise Ratio for Wear of Inconel 600 
Taguchi’s method uses the statistical measure of performance called signal–to-noise ratios (S/N), which is 
logarithmic function of desired output to serve as objective function for optimization. The ratio “smaller the better” 
was used for minimizing the wear. The results obtained after performing experimentation are tabulated in Table 3 
and it also shows the S/N ratios for the corresponding results. It can be seen from Table 4 that the optimal conditions 
for the minimum wear was in experiment 1 with the maximum S/N ratio i.e. -31.413. The optimal conditions for 
minimum wear was seen when load was 5 N, speed was 250 rpm, wear track diameter was 60 mm and pin-heating 
temperature was 500C. It was seen from Table 4 that the most significant parameter affecting wear was speed 
followed by wear track diameter, load and finally pin-heating temperature. Also from Figure 3 (a) it can be seen that 
the most significant parameter is speed as it has the highest slope. It is seen from the Main effects plots for Figure 3 
(b) that the wear of Inconel increases with the increase of speed, load and wear track diameter. But the wear of 
Inconel decreases as the pin-heating temperature increases. This is because the hardness of Inconel increases and as 
a result the wear decreases. It can be seen from the surface plots of Figure 4 (a) to (f) that wear increases highly with 
increase of load/speed, load/wear track diameter while it increases slowly with load/pin-heating temperature. It is 
observed form Figure 4 (a) and (b) that wear of Inconel 600 increases with increase in load as well as speed and 
wear track diameter respectively. Also, Figure 4 (c) and (d) show that wear of Inconel 600 decreases with increase 
of pin heating temperature and load. Finally, it is seen from Figure 4 (d) and (e) show that the wear of Inconel 600 
increases with increase of speed and decrease of pin heating temperature. 
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Fig. 3. Main effects Plot (a) S/N Ratio; (b) Means 
Table 3. Work-rate model to find wear coefficient of Inconel 600 alloy.     
Expt. 
No. 
Load 
(N) 
Speed 
(rpm) 
Wear 
Track 
Diameter 
(mm) 
Pin Heating 
Temperature 
(oC) 
Wear (in 
microns) 
S/N 
Ratio 
Sliding 
Distance 
(m) 
Work Rate 
(Nm/s) 
Wear rate 
(m3/s) 
Wear 
Coefficient 
(m2/N or Pa-1) 
1 5 250 60 50 37.21 -31.413 329.70 3.925 6.95473 × 10-12 0.1771 × 10-13 
2 5 500 70 75 57.50 -35.193 769.30 9.158 1.0747 × 10-11 0.1173 × 10-13 
3 5 750 80 100 72.31 -37.184 1318.80 15.700 1.35151 × 10-11 8.6083 × 10-13 
4 10 250 60 50 46.56 -33.36 329.70 7.850 8.70229 × 10-12 0.1108 × 10-13 
5 10 500 70 75 61.30 -35.749 769.30 18.316 1.14573 × 10-11 6.2551× 10-13 
6 10 750 80 100 82.78 -38.359 1318.80 31.400 1.5472 × 10-11 4.9273×10-13 
7 15 250 60 50 58.81 -35.389 329.70 11.775 1.09919 × 10-11 9.3349 × 10-13 
8 15 500 70 75 66.44 -36.449 769.30 27.475 1.2418 × 10-11 4.5197 × 10-13 
9 15 750 80 100 83.68 -38.452 1318.80 47.100 1.5640 × 10-11 3.3206 × 10-13 
10 15 250 70 100 62.11 -35.863 384.65 13.737 1.16087 × 10-11 8.4503 × 10-13 
11 15 500 80 50 78.39 -37.885 879.20 31.400 1.46515 × 10-11 4.6660 × 10-13 
12 15 750 60 75 67.21 -36.549 989.10 35.325 1.25619 × 10-11 3.5560 × 10-13 
13 5 250 70 100 43.69 -32.808 384.65 4.579 8.16587 × 10-12 0.1783 × 10-13 
14 5 500 80 50 62.95 -35.98 879.20 10.466 1.17657 × 10-11 0.1124 × 10-13 
15 5 750 60 75 56.32 -35.013 989.10 11.775 1.05265 × 10-11 8.9396 × 10-13 
16 10 250 70 100 51.98 -34.317 384.65 9.158 9.71531 × 10-12 0.1060 × 10-13 
17 10 500 80 50 68.83 -36.756 879.20 20.933 1.28647 × 10-11 6.1455 × 10-13 
18 10 750 60 75 61.87 -35.83 989.10 23.550 1.15638 × 10-11 4.9103 × 10-13 
19 10 250 80 75 63.58 -36.066 439.60 10.466 1.18834 × 10-11 0.1135 × 10-13 
20 10 500 60 100 55.50 -34.886 659.40 15.700 1.03732 × 10-11 6.6071 × 10-13 
21 10 750 70 50 79.23 -37.978 1153.95 27.475 1.48085 × 10-11 5.3898 × 10-13 
22 15 250 80 75 70.10 -36.914 439.60 15.700 1.3102 × 10-11 8.3452 × 10-13 
23 15 500 60 100 61.29 -35.748 659.40 23.550 1.14554 × 10-11 4.8642 × 10-13 
24 15 750 70 50 88.00 -38.89 1153.95 41.212 1.64476 × 10-11 3.9909 × 10-13 
25 5 250 80 75 52.36 -34.38 439.60 5.233 9.78633 × 10-12 0.1870 × 10-13 
26 5 500 60 100 45.12 -33.087 659.40 7.850 8.43314 × 10-12 0.1074 × 10-13 
27 5 750 70 50 70.68 -36.986 1153.95 13.737 1.32104 × 10-11 9.6163 × 10-13 
a  b  
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Table 4. Response table for wear (S/N ratio). 
Level Load Speed Wear Track Diameter Pin-Heating Temperature 
1 -34.67 -34.5 -34.59 -36.07 
2 -35.92 -35.75 -36.03 -35.79 
3 -36.9 -37.25 -36.89 -35.63 
Delta 2.23 2.75 2.3 0.44 
Rank 3 1 2 4 
 
 
  
 
Fig. 4. Surface Plots for wear against different parameters. 
3.2. Regression Model 
The Equation 5 shows multiple regression model obtained for wear of Inconel 600 alloy. The positive sign of 
terms in equation indicates the increase of response with increase of the related variable. On the other side, the 
negative sign shows the response decreases with increase of the variable. The values obtained would be consistent as 
the value of R2 and R2(adj) were greater than 90%. 
Wear = - 22.7 + 1.53 Load + 0.0390 Speed + 0.806 Wear Track Diameter - 0.0716 Pin Heating Temperature     (5) 
Figure 5 shows the normal probability plot for responses which highlights that the values are closer to the normal 
probability also it shows that the errors are distributed normally. It can also be deduced from analysis that the values 
of R2 and R2(adj) are 94.7% 93.7%  for wear as seen from Table 5. Thus the above reasons conclude that the model 
developed is adequate. 
a  
e f d 
b  c 
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Table 5.  Regression Analysis for wear of Inconel 600 alloy. 
Predictor Coef SE Coef T P 
Constant -22.721 6.146 -3170 0.001 
Load 1.5321 0.1506 10.18 0 
Speed 0.03904 0.003011 12.97 0 
Wear Track Diameter 0.80606 0.07528 10.71 0 
Pin Heating Temperature -0.07156 0.03011 -2.38 0.027 
S= 0.243618 R2=94..7% R2(adj)=93.7% 
 
In order to validate the model of regression, further five experiments were carried out with the conditions and 
results were compared with those of the predicted model results as shown in Table 6. For the Regression model 
developed for wear the maximum and minimum error was 10.43186% and 2.15796% respectively. In Figure 7 the 
graph of experimental, regression results of wear are shown. It can be concluded that the predictions are good 
agreement with experimental data for all the variables. 
 
Fig. 5. Normal probability plot of residuals for wear. 
3.3. Work-Rate Model 
The slope of the graph of wear rate and work rate gives us the wear coefficient. From the Figure 6 we can see 
that the wear coefficient K is 2 x 10-13 Pa-1 or m2/N. The trend line was drawn for the linear behavior of the wear 
coefficient for the values of wear coefficient in Table 3. 
Dong-Goo Kim and Young-Ze Lee studied sliding wear behavior of Inconel 600 under dry conditions and found 
the wear coefficient as 4.43 x 10-13 Pa-1 or m2/N [12]. The significance of the present work is that a new parameter, 
pin-heating temperature is incorporated. Therefore the wear coefficient found as 2 x 10-13 Pa-1 or m2/N is in good 
agreement with the above results. 
Table 6. Performance comparison of Regression model with experimental results for wear of Inconel 600 alloy. 
Sr. No. 
Load 
(N) 
Speed (rpm) 
Wear Track 
Diameter (mm) 
Pin Heating 
Temperature (oC) 
Wear (in microns) 
Percentage 
Error 
Experimental Regression Regression 
1 5 750 80 5 82.10 75.10 8.52619 
2 10 250 60 10 46.34 45.34 2.15796 
3 10 500 70 10 56.36 61.36 8.87154 
4 15 500 60 15 59.97 62.74 4.61897 
5 15 750 70 15 71.32 78.76 10.43186 
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Fig. 6. Wear Rate v/s Work Rate 
 
Fig. 7. Correlation between the predicted and experimental values of Wear for Inconel 600 alloy. 
4. Conclusions 
The factors which were considered in sliding wear are load, speed, wear track diameter and pin heating 
temperature for doing sliding wear tests. The wear of Inconel 600 increases with the increase of load and decreases 
as the pin-heating temperature increases. The most significant parameter affecting wear was speed followed by wear 
track diameter, load and finally pin-heating temperature The optimal conditions for minimum wear was seen when 
load was 5 N, speed was 250 rpm, wear track diameter was 60 mm and pin-heating temperature was 500C. Wear 
coefficient was found as 2 x 10-13 Pa-1 or m2/N for Inconel 600 and was in good agreement with the investigations 
done by D. G. Kim and Y. Z. Lee. Regression model gave very accurate results. 
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